Intron loss is often thought to occur through retroprocessing, which is the reverse transcription and genomic integration of a spliced transcript. In plant mitochondria, several unambiguous examples of retroprocessing are supported by the parallel loss of an intron and numerous adjacent RNA edit sites, but in most cases, the evidence for intron loss via retroprocessing is weak or lacking entirely. To evaluate mechanisms of intron loss, we designed a polymerase chain reaction (PCR)-based assay to detect recent intron losses from the mitochondrial cox2 gene within genus Magnolia, which was previously suggested to have variability in cox2 intron content. Our assay showed that all 22 examined species have a cox2 gene with two introns. However, one species, Magnolia tripetala, contains an additional cox2 gene that lacks both introns. Quantitative PCR showed that both M. tripetala cox2 genes are present in the mitochondrial genome. Although the intronless gene has lost several ancestral RNA edit sites, their distribution is inconsistent with retroprocessing models. Instead, phylogenetic and gene conversion analyses indicate that the intronless gene was horizontally acquired from a eudicot and then underwent gene conversion with the native intron-containing gene. The models are presented to summarize the roles of horizontal gene transfer and gene conversion as a novel mechanism of intron loss.
Introduction
Intron content is highly variable among eukaryotic genes and genomes (reviewed in Belshaw and Bensasson 2006; Lang et al. 2007; Schmitz-Linneweber and Barkan 2007) , indicating frequent gain and loss of introns over evolutionary time. Plant mitochondrial genomes offer an intriguing system to study intron evolutionary dynamics. To date, there are >50 complete genomes available, with representatives from most major land plant and green algal groups, and nearly all of them carry group I and/or group II introns (reviewed in Bonen 2011; . Intron content varies dramatically among species, from 0 in some algae to 37 in the spikemoss Selaginella moellendorffii (Robbens et al. 2007; Hecht et al. 2011) . Among angiosperms, intron content appears to have stabilized mostly. Exceptions include a few rare lineage-specific intron losses from some genomes (Kubo et al. 2000; Sugiyama et al. 2005; ) and the horizontal acquisition of a group I intron by various angiosperms Sanchez-Puerta et al. 2008 ). The widely studied introns in the cox2 gene also show extensive variation among species (Hiesel and Brennicke 1983; De Benedetto et al. 1992; Rabbi and Wilson 1993; Albrizio et al. 1994; Qiu et al. 1998; Joly et al. 2001; Kudla et al. 2002) , suggesting a dynamic evolutionary history involving frequent losses from this gene.
Given the prevalence of intron gain and loss throughout eukaryotic evolution, the mechanisms that govern these processes have been studied extensively. As group I and II introns are mobile elements (at least historically), their mechanisms of spread are well known (Lambowitz and Belfort 1993; Lambowitz and Zimmerly 2011) . Possible mechanisms of intron loss include genomic deletion, exonization, and retroprocessing, each of which is expected to have different effects on gene structure. In exonization, the intron sequence is no longer spliced out of the transcript; instead, it is retained in the mature transcript and translated, which introduces novel amino acids into the protein produced (Parma et al. 1987; Wang et al. 2005) . Intron loss by direct genomic deletion will often imprecisely remove the intron (Llopart et al. 2002; Coulombe-Huntington and Majewski 2007) , such that adjacent exonic sequences may also be deleted (resulting in the loss of encoded amino acids) or small intron fragments may be retained (which become exonized). In retroprocessing, intron loss occurs through the genomic integration of a cDNA intermediate created by reverse transcription of an intron-spliced transcript (Fink 1987; Derr and Strathern 1993) . This mechanism is expected to precisely remove introns, with a bias toward 3 0 intron removal (Mourier and Jeffares 2003; Roy and Gilbert 2005) . In addition, because plant mitochondrial transcripts undergo extensive cytosine-touracil RNA editing (and U-to-C editing in some lineages), retroprocessing will produce intronless genes that also contain the edited nucleotide states, which effectively eliminates the edit sites from the retroprocessed gene. The parallel loss of RNA editing provides a strong additional marker of intron loss via retroprocessing, making plant mitochondria an ideal system to test this mechanism.
The few examined cases of intron loss from plant mitochondrial genes indicate, or at least suggest, a role for retroprocessing. Three intron losses from the lycophyte Isoetes engelmannii and two from gymnosperms (Ran et al. 2010) provide the strongest evidence for retroprocessing, because numerous edit sites that flanked the introns were lost in parallel. Several additional examples of intron loss via retroprocessing have been reported, but in these cases, only a few edit sites were lost (Geiss et al. 1994; Itchoda et al. 2002; Sloan, MacQueen, et al. 2010) . There is only a single report for loss through genomic deletion, in which a Petunia cytoplasmic male sterility gene containing an intronless fragment of cox2 coexists in the genome with a full-length, intron-containing cox2 gene (Pruitt and Hanson 1989) . In this cox2 fragment, exon sequences on both sides of the missing intron are also absent, suggesting intron loss through imprecise genomic deletion. There is no evidence for intron loss through exonization in plant mitochondrial genomes, which is not surprising given the large size of these introns. For many cases of plant mitochondrial intron loss, the mechanism of loss was not reported Joly et al. 2001; Kudla et al. 2002; Sugiyama et al. 2005; , which suggests that it was not evaluated or the evidence was lacking.
The study of recent intron losses could help determine the underlying mechanism of intron loss from plant mitochondrial genes. In our initial survey of the literature and the sequences in GenBank for examples of plant mitochondrial intron loss, the cox2 gene from genus Magnolia stood out because it exhibited intron variability among species, suggesting one or more recent cases of intron loss. These preliminary findings prompted us to do an expanded survey of cox2 intron content in Magnolia and related magnoliids.
Materials and Methods

Plant Materials
Leaf material from four Magnolia species (Magnolia acuminata, Magnolia kobus, Magnolia stellata, Magnolia tripetala) and most other genera was collected from the Earl G. Maxwell Arboretum or from the living collection at the Beadle Center Greenhouse (University of Nebraska-Lincoln). Leaf material from an additional 18 Magnolia species was provided by Richard B. Figlar (JC Raulston Arboretum, North Carolina). Saplings of Magnolia pyramidata and a second individual of M. tripetala were obtained from Nearly Native Nursery (Fayetteville, Georgia). Source of material and voucher information for all plant species used in this study are provided in supplementary table S1, Supplementary Material online.
Molecular Biology Techniques
Total genomic DNA and RNA were isolated from fresh leaf tissue using DNeasy Plant Mini or Maxi Kits and RNeasy Plant Mini Kits (QIAGEN). Total RNAs were treated with DNase I (Fermentas) to eliminate DNA contamination according to the manufacturer's instructions. First-strand cDNA was synthesized from random hexamers using the RevertAid First Strand cDNA Synthesis Kit (Fermentas). To ensure that there was no DNA contamination, a control sample was also prepared without reverse transcriptase. This control sample was evaluated alongside the first-strand cDNA preparation in downstream analyses.
Polymerase chain reaction (PCR) assays were performed using degenerate primers (supplementary table S2, Supplementary Material online) and GoTaq Flexi DNA Polymerase with supplied reagents (Promega). Each reaction was amplified in a PTC-0220G or C1000 thermal cycler (Bio-Rad). PCR reactions for all intron-containing gene assays included an initial denaturation step (94 C for 3 min), 35 cycles of denaturation (94 C for 45 s), annealing (54 C for 1 min), and elongation (72 C for 3 min), and a final elongation step (72 C for 10 min). For the intronless gene assay, the annealing and elongation times were reduced to 30 s to prevent amplification of large, intron-containing products.
Reverse-transcription PCR (RT-PCR) assays were performed similarly to the PCR assays using first-strand cDNA as template and degenerate primers (supplementary table S2, Supplementary Material online). The RT-PCR program included an initial denaturation step (94 C for 3min), 35 cycles of denaturation (94 C for 30 s), annealing (50 C for 45 s), and elongation (72 C for 2 min), and a final elongation step (72 C for 5 min). Quantitative PCR (qPCR) assays were performed using the iCycler iQ system (Bio-Rad). Primers (supplementary table S2, Supplementary Material online) were designed using the Integrated DNA Technologies RealTime PCR tool (http:// www.idtdna.com/scitools/) with default parameters. Each 20 l qPCR reaction contained 10 l of iQ SYBR Green Supermix (Bio-Rad), 250 nM of each primer, and 20 ng of DNA. Triplicate reactions were carried out with an initial denaturation step (95 C for 3 min) followed by 40 cycles of denaturation (95 C for 10 s) and annealing/elongation (60 C for 45 s). To check for the presence of multiple products, a melt-curve analysis was performed at the end of the run for each reaction (60-100 C at 0.5 C increments for 10 s per step).
Sequencing and Sequence Analysis
PCR and RT-PCR amplicons were purified and directly sequenced on both strands at the High-Throughput Genomics Unit (University of Washington, Seattle, Washington). Sequences were assembled with CodonCode Aligner version 3.5 (CodonCode Corporation). RNA edit sites were experimentally determined by amplifying and sequencing cDNA products using primers described in the text and then comparing these sequences with the DNA sequences. All newly generated sequences were deposited in GenBank under accession numbers JQ317131-JQ317153, and additional sequences were obtained from GenBank (supplementary table S3, Supplementary Material online).
Exon sequences were aligned using MUSCLE version 3.7 (Edgar 2004 ) and manually refined using BioEdit (Hall 1999 ). Poor quality regions were removed by GBlocks version 0.91b (Castresana 2000) using relaxed parameters (b2 = half+1, b4 = 5, b5 = half). Phylogenetic analysis was performed using PhyML 3.0 (Guindon et al. 2010) . The maximum likelihood analysis used the general time-reversible substitution model and the subtree pruning and regrafting tree-search method. The proportion of invariable sites and the shape of the gamma rate distribution with four categories were estimated during the analysis. Data sets were analyzed 10 times using randomized starting tress. Tree support was evaluated from 1,000 bootstrap replicates. Trees were rooted on the basal angiosperms Amborella trichopoda and Schisandra chinensis. For the RNA phylogenetic analysis, edit sites were converted from C to T in the data set. Most edit sites were experimentally determined in this study or taken from annotations in GenBank accession files. These RNA sequences were used to predict edit sites for the remaining species using PREP-Aln (Mower 2009 ) with a cutoff value of 0.5.
Gene chimerism was tested using the Comp3Seq program (http://www.indiana.edu/$orgconv/) in the OrgConv package (Hao 2010) . For this analysis, the M. tripetala intronless gene sequence was compared with consensus sequences from Magnoliales and from core eudicots.
Results
Magnolia tripetala Contains Two Mitochondrial Versions of cox2 that Differ in Intron Content
To evaluate the extent and timing of cox2 intron loss in Magnolia, we designed a PCR screen that specifically targets intron-containing and intronless versions of cox2 ( fig. 1A) . By using the primers designed to amplify cox2 genes with one or more introns, we found that two introns were present in all 22 examined Magnolia species ( fig. 1B; supplementary fig. S1A and B, Supplementary Material online), including M. pyramidata and M. tripetala, which were expected to lack at least the first intron based on available GenBank accessions (table 1). The two introns have the nomenclatural designation cox2i373 and cox2i691 based on their nucleotide positioning relative to the cox2 gene from the liverwort Marchantia polymorpha (Dombrovska and Qiu 2004 ), but we will hereafter referred to them as i1 and i2 for simplicity.
Interestingly, when we used the primers and PCR protocol specifically designed to amplify an intronless cox2 gene, we obtained a product from M. tripetala that was comparable in size with the product from Geranium sanguineum, whose cox2 gene is intronless ( fig. 1C) . We repeated the intronless PCR assay using DNA from an independently acquired M. tripetala individual, which again produced a putative intronless cox2 product (supplementary fig. S1C , Supplementary Material online). Sequencing of these short PCR products from the two M. tripetala individuals confirmed that they are indeed intronless copies of cox2; furthermore, their sequences are identical to one another and >99% similar to the intronless M. tripetala sequence available in GenBank. Thus, there appear to be two loci for cox2 in M. tripetala, one with two introns and another that lacks both introns. For M. pyramidata, however, our screening for intronless cox2 genes failed to recover a product from our individual ( fig. 1C) , in contrast to expectations based on the intronless sequence from this species available in GenBank.
By using a previously developed qPCR strategy to determine the cellular genomic location of a gene (Mower et al. 2010) , we found that both the intron-containing and the intronless cox2 genes in M. tripetala are present in the mitochondrial genome ( fig. 1D ). For this assay, we designed two sets of qPCR primers that specifically target the introncontaining copy by amplifying from the intron sequences, and two other sets of primers that specifically target the intronless copy by amplifying across the exon junctions ( fig. 1A ). All four cox2 products showed similar cycle numbers to one another and to known mitochondrial genes (atp1 and rpl10), indicating that the two M. tripetala cox2 genes are located in the mitochondrial genome ( fig. 1D ). As expected, known plastid genes (matK and ndhF) appeared first in the assay, mitochondrial genes appeared next, and nuclear genes (Gai1, Lfy, and PhyA) appeared last, which is consistent with copy number expectations for the plastid (highest), mitochondrial (intermediate), and nuclear (lowest) genomes in a plant cell (Lamppa and Bendich 1984; Draper and Hays 2000) .
The Intronless cox2 Gene Is Unexpressed
To examine the relative expression levels of the two M. tripetala genes, we amplified and directly sequenced the e1F/e3R RT-PCR product ( fig. 2) . If both genes are expressed, the directly sequenced cDNA should exhibit sequence polymorphism at all four sites that differ between the introncontaining and intronless genes (ignoring C and T differences between the genes at sites of RNA editing; see Patterns of Edit Site Loss from the Intronless cox2 Gene Are Inconsistent with Retroprocessing). However, only one peak was visible in the cDNA electropherogram at each of these four sites, and each peak was identical to the intron-containing gene sequence, indicating that the cDNA was derived from the introncontaining gene only. Thus, there are few if any transcripts produced by the intronless gene in the mitochondrial RNA pool, at least in mature leaf tissue from which RNA was extracted.
Patterns of Edit Site Loss from the Intronless cox2 Gene Are Inconsistent with Retroprocessing
The presence of an intron-containing and an intronless version of the same gene in the same genome suggested that the intronless gene may have arisen through retroprocessing of the intron-containing gene. We designed a RT-PCR assay to identify sites of RNA editing in the intron-containing copy at various stages of splicing ( fig. 3A) and then evaluated the intronless copy at these sites to check for evidence of retroprocessing ( fig. 3B and C) .
We identified 17 sites at which C is edited to U in transcripts from the intron-containing cox2 genes from several Magnolia species and 18 sites in other Magnoliales ( fig. 3B ). If retroprocessing was to occur from a fully spliced and edited transcript from the intron-containing gene, we would expect that, along with the loss of both introns, all the U's produced by editing would be seen as T's in the retroprocessed gene sequence. However, in the intronless GeneRuler 1 kb plus DNA ladder (Fermentas). (D) Cellular genomic location of the two Magnolia tripetala cox2 genes. qPCR assay results using primers designed to amplify the plastid matK and ndhF genes (in green); the nuclear Gai1, Lfy, and PhyA genes (in blue); the mitochondrial atp1 and rpl10 genes (in red); the exon 1/2 junction (Qe12) and the exon 2/3 junction (Qe23) of the intronless cox2 gene (in light gray); and intron 1 (Qi1) and intron 2 (Qi2) from the intron-containing cox2 gene (in dark gray). Horizontal dashed lines indicate the mean qPCR values for the known plastid (green), nuclear (blue), or mitochondrial genes (red). cox2 gene, 13 of the 17 Magnolia edit positions have a genome-encoded C instead of a T, arguing against a retroprocessing model affecting the entire mature transcript ( fig. 3B) .
Another model of retroprocessing involves a localized event that affects only part of the gene, thereby removing the intron and nearby edit sites but not any distant edit sites. In many reported cases of retroprocessing, the pattern of edit site loss is consistent with such a localized retroprocessing event (Geiss et al. 1994; Itchoda et al. 2002; Sloan, MacQueen, et al. 2010; Grewe et al. 2011) . Again, however, the observed pattern of edit site loss in the intronless gene is inconsistent with this localized retroprocessing model ( fig. 3B) . None of the closest edit sites on either side of either intron were lost, not even at positions 379 or 698, edit sites which are only a few nucleotides away from the site of intron loss.
A third model of retroprocessing involves the reverse transcription of a spliced but mostly unedited transcript, resulting in the sporadic loss of some but not all edit sites from the retroprocessed gene. If this was the case, we would expect RNA editing to be slow relative to splicing in the transcript, so that there would be an appreciable number of spliced but incompletely edited transcripts to serve as a retroprocessing template. To test this possibility, we compared the completeness of editing in transcripts from the intron-containing gene at various stages of splicing ( fig. 3C) . By examining the relative height of T and C electropherogram peaks from the directly sequenced transcripts, it is clear that most editing activity occurs before or in parallel with intron splicing, with a possible exception at position 460, which is a silent editing event. In unspliced transcripts, all edit sites (except 460) show significant editing activity (25-74%). By the time that one of the introns is spliced, editing activity at most sites is mostly complete (75-100%), although there appears to be a delay in editing at positions 676 and 695 when intron 2 is still present (suggesting that these edit sites are important for or depend on intron 2 splicing). In fully spliced transcripts, all sites except 460 are essentially fully edited (94-100%). Given the completeness of editing after splicing, it is extremely unlikely that the M. tripetala intronless cox2 gene was generated through retroprocessing of a spliced but mostly unedited transcript from the intron-containing gene. The Intronless cox2 Gene Has a Chimeric Structure Implicating Horizontal Gene Transfer and Gene Conversion
Close inspection of the M. tripetala intronless cox2 sequence indicated a nonrandom distribution of sequence divergence ( fig. 4A ). The beginning (nucleotides 57-460 relative to Liriodendron tulipifera) and end (696-741) of this DNA sequence are nearly identical (>99%) to the intron-containing cox2 sequences from other Magnolia species, whereas the middle (461-695) is more similar to sequences from core eudicots than from other Magnolia species. Interestingly, all four of the ancestral Magnolia edit sites that are genome-encoded T's in the M. tripetala intronless gene are located in the eudicot-like part of the sequence, and most core eudicots also predominantly contain T at these positions. By using a statistical test to evaluate whether the M. tripetala intronless gene is a chimeric gene with Magnolia-like and eudicot-like components, we found strong support (P = 2 Â 10
À7
) for a chimeric structure with recombination breakpoints at positions 461 and 695. The chimeric nature of the M. tripetala intronless gene suggested that it may be derived from a combination of horizontal transfer of a eudicot cox2 gene and gene conversion with the native gene.
Although the chimeric gene test defined the minimal size of the chimeric region in the M. tripetala intronless sequence to be between nucleotides 461 and 695, the RNA edit sites (denoted as "E") were experimentally determined; their nucleotide positions correspond to the full-length cox2 coding sequence from Liriodendron. The silent edit site at position 460 is marked with an S. Unedited cytosines ("C") and genome-encoded thymines producing uracils ("U") in the transcript are also shown where present. At each edit site, genome-encoded thymines ("T") in the M. tripetala intronless cox2 DNA sequence are highlighted in black. (C) Evaluation of editing completeness in transcripts at various stages of splicing. Edited frequency was calculated by comparing the peak heights for T and C in the electropherogram, approximating the frequency of transcripts that are edited at each site in the RNA pool. Sites are highlighted according to their edited frequency using a gradient from white (fully unedited) to black (fully edited).
limited divergence between the consensus sequences from Magnoliales and core eudicots makes it impossible to identify the exact recombination breakpoints (fig. 4B ). The most likely place for the upstream breakpoint is between nucleotides 251 and 460, because the M. tripetala intronless sequence is clearly Magnolia-like before nucleotide 251 and clearly eudicot-like after 460. This stretch of DNA spans the intron 1 position, which means that the precise upstream breakpoint could 
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Intron Loss by Horizontal Transfer and Gene Conversion . doi:10.1093/molbev/mss130 MBE have occurred within exon 1 or exon 2. The downstream breakpoint is similarly uncertain. Between nucleotides 696 and 720, there is one site that weakly supports an association with Magnoliales, another site that weakly supports an association with core eudicots, but no sites that provide strong support for either association. Because the intron 2 position is within this region, the downstream recombination breakpoint could either be near the end of exon 2 or the beginning of exon 3.
To determine the evolutionary origins of the different parts of the M. tripetala intronless cox2 gene, we split the gene into two components (Magnolia-like and eudicot-like components) and then performed a phylogenetic analysis with exon sequences from representatives of the Magnoliales and other flowering plants ( fig. 4C ). In general, the tree showed overall relationships that largely agree with currently accepted taxonomy (http://www.mobot.org/ mobot/research/apweb/), recovering monophyletic groups with weak to strong bootstrap support for the major angiosperm clades including magnoliids (62%), monocots (95%), and eudicots (72%). As expected, the Magnolia-like component of the M. tripetala sequence grouped with other magnoliids with good support (86%), and it specifically clustered with the intron-containing Magnolia sequences, albeit with no support (<50%). In contrast, the 235 bp eudicot-like portion of the M. tripetala intronless gene clustered away from other magnoliids and grouped instead within eudicots (72%) and more specifically within core eudicots (56%). Interestingly, this sequence was found in a clade of rosids that includes Pisum and Oenothera, whose cox2 genes lack both introns.
We also examined the phylogenetic placement of the M. pyramidata intronless sequence from GenBank ( fig. 4C ), which does not have an obvious chimeric structure (P > 0.05). This sequence grouped within eudicots rather than within magnoliids, but it did not show any clear affinity with the eudicot-like part of the M. tripetala intronless gene. This placement is consistent with another horizontal transfer event from some eudicot donor into M. pyramidata. However, because we were unable to recover the same intronless sequence from our own M. pyramidata individual, we cannot exclude the possibility that the M. pyramidata intronless sequence in GenBank was amplified from a misidentified or contaminated DNA sample.
Because RNA edit sites can cause artifacts during phylogenetic analysis, we performed an additional analysis using an RNA data set, which effectively removes any RNA editing effects (supplementary fig. S2 , Supplementary Material online). This reanalysis did not qualitatively affect the previous phylogenetic results, although bootstrap support values were reduced to insignificant levels for several branches.
Discussion
We have shown that M. tripetala contains two mitochondrial versions of the cox2 gene that differ in intron content: One gene contains two introns, whereas the other lacks both introns ( fig. 1) . Most other magnoliids also contain both introns, indicating that the cox2 gene probably contained two introns in the magnoliid common ancestor. The phylogenetic placement of the M. tripetala introncontaining gene with other magnoliid intron-containing genes confirms that this version was vertically acquired from the magnoliid ancestor.
How did the intronless version arise? The simplest explanation is that the intronless gene arose through retroprocessing of the intron-containing gene. However, the sporadic distribution of edit site loss could not be reconciled with various models of retroprocessing involving 1) the entire gene, 2) localized regions of the gene, or 3) incompletely edited transcripts ( fig. 3 ). An alternative explanation for intron loss is horizontal gene transfer of a eudicot intronless gene and gene conversion with the Magnolia intron-containing gene (fig. 4 ). There is a clear and statistically significant chimeric signal in the middle of the M. tripetala intronless cox2 gene, which is most similar to the homologous region in eudicot cox2 genes. Although four of the nucleotide substitutions in this region could be explained either by horizontal gene transfer (HGT) or retroprocessing, there are another five substitutions (three nonsynonymous and two synonymous) that are consistent with HGT but not with retroprocessing. It is these additional sites that provided the HGT signal in the phylogenetic analysis of RNA data (which eliminates the four ambiguous HGT/retroprocessing sites). Furthermore, there are no sites that unambiguously support retroprocessing over HGT, despite the fact that 11 edit sites (71, 161, 163, 253, 278, 379, 443, 460, 476, 581, and 632) would have provided such unambiguous support if they were lost through retroprocessing.
On balance, a model involving HGT and gene conversion provides a more comprehensive explanation for the chimeric gene structure of the M. tripetala intronless cox2 gene. It is well known that HGT affects plant mitochondrial genomes (Richardson and Palmer 2007; Bock 2010) , and several recent reports have shown that gene conversion can occur between foreign and native genes that co-reside in the plant mitochondrial genome (Bergthorsson et al. 2003; Barkman et al. 2007; Hao and Palmer 2009; Hao et al. 2010; Mower et al. 2010; ). We present two models to show how HGT and gene conversion can mediate intron loss from a gene ( fig. 5) . In both models, the horizontally acquired gene arrives without introns, suggesting that a species lacking introns was the HGT donor. Given the small size of the chimeric region, it is unlikely that we will be able to unambiguously identify the eudicot donor species. However, it is intriguing that the chimeric region groups within rosids, which are known to have lost intron 1 early in evolution (Joly et al. 2001) . Less is known about the distribution of intron 2 among angiosperms, but it is certainly absent from a number of rosid lineages including Fabales (e.g., Pisum 
